In this study we develop and use a gain-of-function mouse allele of the Down syndrome cell adhesion molecule (Dscam) to complement loss-of-function models. We assay the role of Dscam in promoting cell death, spacing, and laminar targeting of neurons in the developing mouse retina. We find that ectopic or overexpression of Dscam is sufficient to drive cell death. Gain-of-function studies indicate that Dscam is not sufficient to increase spatial organization, prevent cell-to-cell pairing, or promote active avoidance in the mouse retina, despite the similarity of the Dscam loss-of-function phenotype in the mouse retina to phenotypes observed in Drosophila Dscam1 mutants. Both gain-and loss-of-function studies support a role for Dscam in targeting neurites; DSCAM is necessary for precise dendrite lamination, and is sufficient to retarget neurites of outer retinal cells after ectopic expression. We further demonstrate that DSCAM guides dendrite targeting in type 2 dopaminergic amacrine cells, by restricting the stratum in which exploring retinal dendrites stabilize, in a Dscam dosage-dependent manner. Based on these results we propose a single model to account for the numerous Dscam gain-and loss-of-function phenotypes reported in the mouse retina whereby DSCAM eliminates inappropriately placed cells and connections.
Introduction
Proper retinal neuron circuitry is achieved by an elegant orchestration of signaling mediated by transmembrane molecules and synaptic activity (Masland, 2012; Randlett et al., 2013; Okawa et al., 2014) . Organization of retinal neurites into the inner and outer plexiform layers (IPL and OPL) is accomplished in part by transmembrane semaphorins and their cognate plexin receptors (Matsuoka et al., 2011a,b; . Homophilic cell adhesion molecules, including cadherins (Duan et al., 2014) , contactins (Yamagata and Sanes, 2012) , Down syndrome cell adhesion molecules (Dscams), and sidekicks (Yamagata and Sanes, 2008) , regulate neurite targeting through adhesion. Avoidance is also essential for development of the retina, with multiple EGF-like domains proteins (Kay et al., 2012) , DSCAMs (Fuerst et al., 2009) , and the ␥-protocadherin proteins (Lefebvre et al., 2012) required to prevent interactions.
As noted, DSCAM proteins provide both adhesive and repulsive developmental cues. DSCAM proteins have been most thoroughly studied in Drosophila, where the splice diversity of Dscam1 (Schmucker et al., 2000; Neves et al., 2004) facilitates neuron-specific avoidance , synaptic pairing (Zhu et al., 2006) , neurite outgrowth (Hutchinson et al., 2014) , and projection of axon collaterals (He et al., 2014) . Extensive Dscam alternative splicing is not observed in non-insect model organisms , and yet many of the functions Dscam1 mediates in Drosophila are conserved in other systems. Dscam plays a role in synaptic pairing in Aplysia , and mediates axon guidance in zebrafish (Yimlamai et al., 2005) , chick (Ly et al., 2008) , mouse (Liu et al., 2009) , and Xenopus (Morales Diaz, 2014) . Importantly, requirements for Dscam in avoidance in mouse ) and targeting in chick (Yamagata and have been identified in development of the retina.
These roles are consistent with findings that implicate Dscam in contributing to human neurological disorders. Changes to the branching and spine density of cortical neurons observed in Dscam mutant mice mirror changes observed in humans with Down syndrome (DS) (Maynard and Stein, 2012) . This is further supported by overexpression studies in hippocampal neuron cultures, in which DSCAM inhibits branching (Alves-Sampaio et al., 2010) . Misregulation of Dscam levels in fragile X syndrome has also been linked to synaptic defects and mistargeting (Cvetkovska et al., 2013; . Dscam dose-dependent phenotypes have been identified in the visual system (Blank et al., 2011) and people with DS have a high incidence of visual deficiency (Creavin and Brown, 2009 ). Given the large number of disorders associated with Dscam, it is essential to determine the precise nature of the gene's function in model organisms.
Here we report that Dscam is sufficient to drive cell death but not avoidance in the mouse retina. Gain-and loss-of-function analysis is then combined to assay Dscam function in neurite targeting and refinement. We find that mouse Dscam is both necessary and sufficient to target retinal neurites. We further demonstrate mechanisms by which DSCAM promotes refinement of dendrites.
Materials and Methods
Dscam floxGOF mice. A conditional expression construct with a dual fluorescent reporter under control of the CAG promoter was generated. The backbone of this construct is the pCAG-IG (Internal Ribosome Entry Sequence GFP) plasmid (obtained from Addgene; courtesy of Dr. Connie Cepko; Matsuda and Cepko, 2004) . A floxed tandem dimer RFP was PCR amplified from the brainbow 2.1 plasmid, including the poly-A sites from the pcDNA series vectors (obtained from Addgene; courtesy of Dr. Joshua Sanes; Livet et al., 2007) . This sequence was inserted into the EcoRI/NotI sites of the pCAG-IG plasmid (NCBI Bankit ID: 1714400). Full-length mouse Dscam was amplified from mouse brain cDNA in four individual segments and inserted into the vector pSL1180 (courtesy of Drs. Daniel Voytas and Robert Burgess; NCBI Bankit ID: 1714413). DNA was linearized to remove the viral replication sequences incorporated into the CAG series of plasmid and then microinjected into one-cell mouse embryos by the University of Washington transgenic facility. Five founders were generated from 150 injections. All experiments in this manuscript were performed with mice resulting from a single founder to ensure consistency of expression. This strain is available through The Jackson Laboratory (stock number: 025543).
Mouse strains and handling. Pax6␣-Cre mice effectively targeted the Dscam floxGOF transgene in retinal neurons and Müller glia in the lateral retina, while inactivation of RFP and expression of Dscam and GFP was limited to a subset of amacrine cells in a dorsoventral wedge of the retina, as previously reported by others (Stacy et al., 2005; Lefebvre et al., 2008) . At the margins of these two domains mixed columns in which only amacrine cells were targeted or in which all neurons and Müller glia were targeted were often observed intermixed. Dscam 2J mice, which do not make a DSCAM protein that is detectable by either Western blot analysis or immunohistochemistry, were used in physiology experiments (Schramm et al., 2012; de Andrade et al., 2014) . Dscam FD mice are derived from germline targeting of a previously reported conditional allele of Dscam and were used in all experiments except for physiology recordings . The exon encoding the Dscam transmembrane domain was flanked by loxP sites, and was deleted in this allele, and as a result the protein fails to target to the plasma membrane. Knudson et al., 1995) . TH-GFP mice express GFP brightly in type 2 dopaminergic amacrine cells (DACs) and more dimly in type 1 DACs (Knop et al., 2011) . TH-GFP mice were a kind gift from Dr. Suzy Appleyard, Washington State University. All mice were housed on a 12 h light/ dark cycle and fed ad libitum. Mice used in this study were maintained on a mixed C57 BL/6J, C3H/HeJ, and 129/P background except for mice carrying the Dscam 2J allele, which are carried on an inbred C3H/HeJ background. The defective allele of Pde6b was crossed out of the C3H/ HeJ mice. Mice of either sex were used for analysis in all experiments. All procedures performed on mice used in this study were approved by the University of Idaho Animal Care and Use Committee or by the Cleveland Clinic Institutional Animal Care and Use Committee and were in accordance with the Institute for Laboratory Animal Research Guide for Care and Use of Laboratory Animals.
Genotyping. Tissue biopsies were boiled in sodium hydroxide and neutralized in Tris Cl, pH 5.0. PCR was performed using one-shot master mix supplemented with primers. Genotyping has previously been described for all strains . Dscam GOF mice were genotyped by the presence of RFP (carries transgene), GFP (carries recombined transgene), or no fluorescent protein (does not carry the transgene).
Immunocytochemistry and immunohistochemistry. Mice were perfused with PBS. Retinas were hemisected and fixed in 4% PFA for either 30 min at room temperature (worked for all staining except for DSCAM) or for 50 min on ice (worked for all staining but is suboptimal for staining of some cytoplasmic proteins). Tissues to be embedded in wax were fixed in 1:3 acetic acid:methanol for 2-12 h (paraffin sections gave equivalent antibody staining except for DSCAM, melanopsin, and vglut3 staining). Tissue was stained as previously described (de Andrade et al., 2014) .
Antibodies and stains. Mouse anti-DSCAM (R&D Technologies; MAB36661; 1:25), rabbit anti-cone arrestin (cones; Millipore; AB15282; 1:5000), rabbit anti-recoverin (rods; Millipore; AB5585; 1:2000), rabbit anti-Iba1 (microglia; Wako; 1:500), rabbit anti-Dab1 (AII-amacrine cells; generous gift from Brian Howell; 1:500), goat anti-ChAT (starburst amacrine cells; Millipore; AB144P; 1:400), rabbit anti-calbindin (horizontal cells; Swant; CB38a; 1:1000), rabbit anti-bNOS (bNOS-amacrine cells; Sigma-Aldrich; NZ280; 1:15,000), mouse anti-PKC␣ (rod bipolar cells; Santa Cruz Biotechnology; sc8393; 1:500), mouse anti-HCN4 (type 3A cone bipolar cells; Alomone Labs; 1:500), mouse anti-PKARII␤ (type 3B cone bipolar cells; BD Biosciences; P54720; 1:500), mouse antidystroglycan (OPL synapses; Developmental Studies Hybridoma Bank; 1:500), rabbit anti-TH (type 1 DACs; Millipore Bioscience Research Reagents; 1:500), mouse anti-GS (Müller glia; BD Transduction Laboratories; 610517; 1:2000), mouse anti-PSD-95 (OPL synapses; NeuroMab; 75-028; 1:200), rabbit anti-melanopsin (melanopsin-positive retinal ganglion cells; generous gift from Ignacio Provencio; 1:5000), mouse anti-TH (type 1 DACs; Novacastra; 1:50), guinea pig anti-vglut3 (vglut3-amacrine cells; Millipore; 1:5000), and rabbit anti-phosphohistone H3 (Cell Signaling Technology; 1:500). DAPI reagent was mixed into the second wash after incubation with secondary antibodies at a dilution of 1:50,000 of a 1 mg/ml stock. DRAQ5 (Cell Signaling Technology) was used at a 1:1000 dilution incorporated with secondary antibodies. For TUNEL staining sections were stained with an in situ cell death kit (Roche). Secondary antibodies were acquired from Jackson ImmunoResearch and used at a concentration of 1:1000.
Cell counts. Tissue was coded before analysis and counts were performed in a blinded fashion. TUNEL or phosphohistone H3 (pH3)-positive cells were counted in images of retina sections. The position of TUNEL-positive cells was recorded based on which of the three retinal layers they were localized within. Cell type counts: Müller glia, type 1 and 2 DACs, AII amacrine cells, horizontal cells, and starburst amacrine cells were counted in at least four whole retinas. Other cell types were counted in at least four sections from at least three retinas and normalized per length of retina. Nuclei counts: retinal sections were stained with DRAQ5 and imaged intermediate between the optic nerve and periphery. Columns of cells in the outer nuclear layer, inner nuclear layer, and retinal ganglion cell layer were counted in four areas for each of nine images collected from three different retinas. The number of cells in the IPL was counted for each image in a given area. For type 2 DAC lamination analysis the number of type 2 DAC cells that have dendrites running through S1, both those that terminate in S1 and those that later ascend to S3, were counted in at least six sections from at least three retinas for each age and genotype and reported as the percentage of cells that extend dendrites into S1. Each cell was given a binary value depending on whether it projected dendrites into S1. These numbers were used to test the significance using a Student's t test.
Microscopy. An Olympus DSU spinning disk confocal microscope and Olympus FluoView confocal microscope were used to capture all fluorescent images. A Nikon epifluorescent microscope was used to capture images of H&E sections. Any modification to images, for example, to brightness, was performed across the entire image in accordance with the journal's standards.
Density recovery profile, nearest neighbor analysis, and Voronoi analysis. Spacing analysis was conducted as previously described (Rodieck, 1991; Khiripet et al., 2012) . Density recovery profile (DRP) analysis is a measure of the tendency of cells of the same subtype to occupy space located in close proximity to other cells of the same subtype. Cells that avoid cells of the same subtype result in a DRP that includes an exclusion zone, which is evidenced by annuli cell densities that fall below the average cell density. To control for cell density, the packing index was used in statistical tests. The packing index is a measure of organization compared with the most highly spaced possible organization of a given number of cells, that is, if cells were arranged in a hexagonal pattern. Nearest neighbor analysis (NNA) measures the distance from one cell to the nearest cell of the same subtype, which is increased compared with random simulations if cells space themselves to avoid cells of the same subtype. To control for cell density the nearest neighbor regularity index (NNRI) was used in statistical tests. Spacing of cells using Voronoi analysis measures the regularity of spacing with respect to cells of the same subtype. The Voronoi domains (VDs) of different populations can be compared using the coefficient of variance (CoV), the ratio of the SD to the mean.
The programs winDRP or Ka-me (Khiripet et al., 2012) were used to assay the spacing of type 1 and 2 DACs, AII amacrine cells, horizontal cells, and starburst amacrine cells. Whole retinas were imaged in analysis of type 1 and 2 DACs. The Ϫ640 2 m fields of OFF starburst amacrine cells, AII amacrine cells, and horizontal cells were sampled from dorsal, ventral, and lateral planes midway between the optic disk and periphery of the retina. A minimum of six fields sampled from at least three mice was used for each analysis.
Electron microscopy. Retinas were fixed in cacodylate/glutaraldehyde buffer. Serial electron micrographs were taken at 7 nm resolution every 40 -60 nm by Renovo Imaging. Representative synapses were identified by analyzing serial images of rod and cone photoreceptors.
ERG. After overnight dark adaptation, mice were anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg). Eye drops were used to anesthetize the cornea (1% proparacaine HCl) and to dilate the pupil (2.5% phenylephrine HCl, 1% tropicamide, and 1% cyclopentolate HCl). Mice were placed on a temperature-regulated heating pad throughout the recording session.
Strobe flash ERGs were recorded using a stainless steel electrode in contact with the corneal surface. Needle electrodes were placed in the cheek and the tail for reference and ground leads, respectively. Darkadapted responses were presented within an LKC Ganzfeld and recorded using flash intensities that ranged from Ϫ3.6 to 2.1 log cd s/m 2 . Stimuli were presented in order of increasing intensity, and the number of successive responses averaged together decreased from 20 for low-intensity flashes to 2 for the highest intensity stimuli. Conversely, the duration of the interstimulus interval increased from 4 s for low-intensity flashes to 90 s for the highest intensity stimuli. Following completion of the darkadapted responses, a steady rod-desensitizing adapting field (1.5 log cd/ m 2 ) was presented within the Ganzfeld bowl. After allowing a 7 min period of light adaptation, cone ERGs were recorded to flashes superimposed on an adapting field. Flash intensity ranged from Ϫ0.8 to 1.9 log cd s/m 2 , and responses to 25 flashes were presented at 2.1 Hz and averaged at each intensity level. Responses were differentially amplified (0.3-1500 Hz), averaged, and stored using a UTAS E-3000 signal averaging system (LKC Technologies).
ERG analysis. The amplitude of the a-wave was measured at 8 ms after flash presentation from the prestimulus baseline. The amplitude of the b-wave was measured to the b-wave peak from the a-wave trough.
Western blot analysis. Western blot analysis was performed as previously described with the following modifications (Schramm et al., 2012) : 30 g of total protein, including both the cytosolic and membrane fractions, was loaded into each well, and protein was transferred to a nitrocellulose membrane.
IPL lamination analysis. The locations of the inner nuclear layer, retinal ganglion cell layer, and peak intensities of the cholinergic amacrine cell dendrites in S2 and S4 were used to demarcate the IPL into strata for analysis. Peak intensity and band percentages were automatically segmented using custom software run in R based on the location of cholinergic amacrine cell dendrites, the retinal ganglion cell layer, and the inner nuclear layer. Nine images from each genotype were analyzed. MannWhitney U test p value thresholds for significance (0.01) were determined by comparing groups of wild-type retina sections to each other and setting the threshold below values observed in these tests. Tissue was coded before analysis and lamination analysis was performed in a blinded fashion.
Cell culture. Amacrine cells were grown in culture as previously described (Kunzevitzky et al., 2013) . Cells were collected at P2 and incubated 2 d before being fixed and stained for DSCAM.
Results

Generation of a conditional Dscam gain-of-function mouse model
We generated a gain-of-function mouse model of Dscam to extend analysis of phenotypes identified in studies using loss-offunction models Maynard and Stein, 2012) . We generated a transgenic mouse model that conditionally expresses Dscam under control of the constitutive CAG promotor (Miyazaki et al., 1989) . This allele, denoted as Dscam floxGOF before Cre-mediated recombination, expresses either RFP, or Dscam and GFP, after Cre-mediated recombination removes the RFP sequence (Fig. 1A) . Mice produced by germline activation of Dscam expression (Dscam GOF ) are viable and fertile, though smaller than littermate controls ( Fig. 1B ; quantified at P11: WT 9.09 Ϯ 1.8 g SD vs 4.25 Ϯ 1.08 g SD; t test Ͻ 0.0001; n ϭ 28), and exhibit circling behavior. The transgene is expressed throughout the retina, the focus of this study (Fig. 1C ). Increased DSCAM protein was detected in tissue lysates and sections collected from Dscam GOF mice, including tissues in which the protein is absent or present in low concentrations such as heart (Grossman et al., 2011) , and neural tissues ( Fig. 1D ; data not shown). Tissuespecific conditional activation of recombination was achieved, and resulted in elimination of RFP and production of DSCAM in areas in which Cre recombinase was expressed (Fig. 1E) Fig. 1 K, L) .
Using the gain-of-function allele alongside previously developed loss-of-function alleles, we set out to assay Dscam LOF phenotypes by testing the protein's role in (1) developmental cell death, (2) avoidance and cell spacing, and (3) dendrite lamination and refinement.
Gain-of-function analysis confirms Dscam expression is sufficient to drive cell death
In the first part of this study we examined the role of Dscam in developmental cell death using Dscam LOF and Bax-null alleles in conjunction with the Dscam GOF model. A decrease in cell death was previously reported in the Dscam LOF retina . Compared with the wild-type, the Dscam GOF retina displayed a decrease in cell number at postnatal stages, in addition to aberrant pockets of rods and microglia mixed in with the photoreceptor inner and outer segments (observed in every retina section; Fig. 2 A, B, arrowheads). Cells were identified based on immunoreactivity with recoverin but not cone arrestin, which accounted for most cells, or with Iba1 (data not shown). To test if increased Dscam expression levels promote cell death we investigated whether the reduction in cell number in the Dscam GOF retina was due to changes in cell birth, cell death, or both, by counting the number of dividing and apoptotic cells during development (Fig. 2C,D) . A significant increase in cell death, but not cell birth, was observed at time points aligned with the points at which normal developmental cell death occurs in the mouse retina (Fig. 2E) . Apoptosis of misplaced rods (Fig. 2B , arrowheads) at P15 (Fig. 2E , ONL P15) and beyond resulted in the elimination of the cell clusters by 8 months of age (Fig. 2F ) . Individual cell populations were counted to determine whether Dscam expression level selectively increased cell death in different cell populations. A significant decrease in most cell types of the inner retina was observed compared with wild-type (Fig. 2G) . Of note, the one neuron type that was not reduced in number in the inner retina, the type 1 DAC, is also unchanged in total number in the Dscam LOF retina (Keeley et al., 2012 (Fig. 3A-G) . We first quantified the presence of misplaced neurons in the IPL. Loss of Dscam or Bax resulted in a significant increase in the number of neurons located in the IPL (Fig. 3H ) . Elimination of both genes resulted in a significant additive increase in the number of neurons in the IPL, while a significant reduction in IPL cell number was detected in the Dscam GOF /Bax Ϫ/Ϫ retina compared with the Bax Ϫ/Ϫ retina. This revealed that DSCAM and BAX can independently function to eliminate misplaced cells.
Next we assayed cell number in the three nuclear layers of the retina. No significant difference in the number of cells in the outer nuclear layer (ONL) was detected when comparing any of these genotypes ( Fig. 3I, ONL drive cell death in the retinal nuclear layers. A significant rescue of cell number comparing the Dscam GOF /Bax Ϫ/Ϫ retina to the Dscam GOF retina was also detected (Fig. 3I ). This indicated that although Dscam can influence cell number independent of Bax, Bax-dependent cell death is the main driver of Dscam-mediated changes in cell number in the Dscam GOF retina. These results are consistent with findings that DSCAM promotes cell death by acting through BAX and at least one other cell death pathway, and that this additional pathway is sufficient to decrease disorganization by elimination of misplaced cells.
Gain-of-function analysis indicates DSCAM is not sufficient to drive cell spacing and avoidance in the mouse retina
In the second part of this study we set out to test if Dscam can drive avoidance. Dscam is required to prevent cell type-specific adhesion in the dendrites and soma of mouse retinal neurons. Dscam1 in Drosophila is required to mediate repulsion, in which case the protein actively promotes avoidance of dendrites extending from the same cell (Hughes et al., 2007) . To test if mouse DSCAM is sufficient to promote soma and dendrite avoidance, we extended previous spacing analysis comparing Dscam LOF alleles and wild-type to the Dscam GOF allele. Spacing analysis was performed on starburst amacrine cells (SACs) and horizontal cells (HCs), two retinal neuron types that do not normally express Dscam or its homolog Dscaml1 (de Andrade et al., 2014) . We also assayed spacing of type 1 DACs, which express and require Dscam for normal spacing, and AII amacrine cells, which express and require Dscaml1 for normal spacing. Spatial organization was measured by DRP analysis, NNA, and VD analysis (see Materials and Methods; Rodieck, 1991; Reese and Keeley, 2014) .
Spatial organization of SACs was decreased by expression of Dscam, and this decrease correlated with a reduction in cell density (Fig. 4 A, B,E) . Rescue of lost cells in the Dscam GOF /Bax Ϫ/Ϫ retina eliminated spacing defects as measured by DRP and Voronoi analysis, but not NN analysis ( Fig. 4C-E) . This indicated that disruption of SAC spatial organization in the Dscam GOF retina was largely the result of cell death, and that in the absence of this cell death, spatial organization remained equivalent to or less than wild-type. Spacing of HCs was also analyzed. HCs project neurites that overlap extensively in the wild-type retina, and this overlap was still evident in the Dscam GOF retina (Fig. 4 F, G) . There was also no significant increase in the spatial organization after expression of Dscam in these cells. Instead, we found a slight decrease in the NNRI observed in the Dscam GOF retina compared with wild-type ( Fig. 4F-H ) . These results indicate that ectopic expression of Dscam is not sufficient to increase the organization of the spacing of these cell types.
Next we assayed soma placement and dendrite organization of type 1 DACs and AII ACs, which express and require Dscam or Dscaml1, respectively, for normal spacing and dendrite arborization.
We had previously speculated that both Dscam and Dscaml1 were required in the retina to facilitate spacing and avoidance, while their differential expression would allow close interactions, for example, between type 1 DACs and AII ACs . Therefore, we assayed if these interactions continued to form after expression of Dscam in AII ACs. Type 1 DACs continue to make contacts with AII ACs in the Dscam GOF retina, despite the expression of Dscam in these cells in the Dscam GOF retina (Fig. 4 I, J, arrows) . Extensive overlap of type 1 DAC dendrites also continued in the Dscam GOF retina (Fig. 4 I, J significantly different from random simulations in the case of nearest neighbor analysis (Fig. 4M ) . Interestingly, type 1 DACs require Bax for normal spacing, and elimination of Bax has previously been shown to disrupt spacing of these cells (Keeley et al., 2012) . This spacing defect is not rescued by the Dscam GOF transgene and both Bax-deficient genotypes had nearest neighbor regularity values that were not significantly different from random controls (Fig. 4K-M ) . We also assayed spacing of AII ACs, which were reduced in number in the Dscam GOF retina (Fig. 2G) . Increased cell death resulted in a decrease in AII AC density (Fig.  4 N, O) , but this did not change the spatial organization of this cell type (Fig. 4P) .
These results indicate that DSCAM is not sufficient to drive spatial organization, inhibit dendrite crossing within cell types, or prevent cell-to-cell pairing between AII and DACs. Pairing between AII amacrine cells and rod or cone bipolar cells was also intact in the Dscam GOF retina (data not shown). This suggests that Dscam loss-of-function phenotypes do not reflect an active role for mouse DSCAM in repulsion or avoidance in the mouse retina.
DSCAM and dendrite lamination
In the third part of this study we investigated the influence of DSCAM on dendrite targeting by testing if the protein is necessary and sufficient to direct placement of dendrites. DSCAM has previously been demonstrated to direct neurite placement in the chick retina, in which the protein is concentrated in a single stratum of the IPL, S5 (Yamagata and Sanes, 2008) . We therefore tested whether broadly distributed DSCAM in the mouse retina functioned in a similar manner. We then extended this analysis and demonstrated a mechanism by which the widely distributed DSCAM protein is able to act in dendrite targeting.
DSCAM and BAX are necessary to restrict dendrite placement in the mouse inner retina
Similarities between the Bax and Dscam mutant retinas have previously been reported, consistent with both proteins' role in cell death (Keeley et al., 2012; Chen et al., 2013) . Because Dscam and Bax regulate cell death in an additive manner (Fig. 3) , we hypothesized that compensatory activity of these proteins could promote dendrite lamination by redundantly eliminating cells that misproject dendrites. We reasoned that this could generate the weak dendrite lamination phenotypes observed in either mutant retina. To test this hypothesis, we quantified lamination in the IPL based on the convention of dividing the IPL into five stratum established by Ramon y Cajal (1893) (Fig. 5A) . Lamination of dendrites spanning these stratum (Fig. 5B) was quantified, using the ON and OFF SAC dendrite bands to set S2 and S4, with each of the five strata further subdivided into an inner and outer band (for example, S1 inner and S1 outer). The percentage of dendrites in each stratum was measured using software to automate band demarcation based on peak intensity of cholinergic dendrites and the boundaries of the RGL and INL (see Materials and Methods section for more details). These percentages were then used to quantify differences in lamination when comparing across genotypes. This method of quantification precluded analysis of the Dscam GOF genotype because SAC dendrites collapsed into a sin- gle band (Fig. 5C, arrow) , laminar banding was very inconsistent in these mice, and because dendrites often projected into spaces where RGCs would otherwise be localized (Fig. 5D, arrow) . Despite the loss of precisely stratified lamina, dendrites in the Dscam GOF retina qualitatively projected to the same lamina as their wild-type counterparts (Fig. 5C-E (Fig. 5F ). Significant differences in the lamination of bNOS amacrine cells were not detected when comparing wild-type and Bax Ϫ/Ϫ retinas (Fig. 5G) ; however, significant differences in dendrite targeting were detected in two layers of both the Dscam GOF /Bax Ϫ/Ϫ retina and the Dscam LOF retina compared with wild-type (Fig. 5G ). Significant differences were also detected in dendrite targeting in 6 of the 10 layers in the Dscam LOF /Bax Ϫ/Ϫ retina compared with wild-type, consistent with Bax and Dscam acting to redundantly refine dendrite lamination (Fig. 5G) .
Limited disorganization of the lamination of type 1 DAC neurites was observed in the Bax Ϫ/Ϫ , Dscam LOF , and Dscam GOF / Bax Ϫ/Ϫ retinas compared with wild-type, with an increase in the number of neurites (presumably axons) projecting into the INL of these genotypes (Fig. 5H ) . Distribution of type 1 DAC dendrites was increased in both of the OFF strata (S1 and S2) of the Dscam LOF /Bax Ϫ/Ϫ retina compared with wild-type (Fig. 5H ). An increase in the number of ectopic vglut3-positive AC dendrites projecting to a single layer was detected in the Bax Ϫ/Ϫ retina compared with wild-type (Fig. 5I ) . Conversely, a decrease in the number of vglut3-positive AC dendrites laminating at their native targets, along with an increase in the number of ectopic dendrites, was detected in the Dscam LOF and Dscam LOF /Bax Ϫ/Ϫ retinas compared with wild-type (Fig. 5I ) . A decrease in the number of vglut3-positive AC dendrites laminating at their native targets was detected in the Dscam GOF /Bax Ϫ/Ϫ retina compared with wild-type, but a corresponding increase in ectopic dendrites was not detected.
These results indicate that DSCAM is required for neurite targeting in the mouse retina, an environment where the protein is widely distributed (Fig. 1F ) , and that Bax-dependent cell death limits this phenotype in the Dscam LOF retina.
DSCAM is sufficient to retarget outer retinal circuitry
DSCAM is widely localized in the mouse IPL, and we therefore turned to the OPL to better test if ectopic Dscam expression could retarget neurites. HCs mistargeted neurites into both the IPL and ONL of the Dscam GOF retina: close to one-quarter of HCs projected a bipolar cell-like axon into the IPL of the Dscam GOF retina (Fig. 6 A, B,J, arrows) . The few HC projections contacting the Dscam GOF /Bax Ϫ/Ϫ IPL were located at the thinner peripheral retina, suggesting the depth of the INL could serve as a barrier to formation of these projections ( Fig. 6J ; data not shown).
HC neurites also projected ectopically into the ONL (Fig.  6C,D, arrows) . The earliest time point at which this phenotype was detected was P11, but it was evident in all retinas by P13. The dendrites of rod bipolar cells were observed ectopically projecting with HC neurites into the ONL by P18 (Fig. 6E, arrows) . Invading neurites terminated in the ONL at puncta of synaptic markers (Fig. 6 F, G, arrows) , and the presence of morphologically normal ribbon synapses within the ONL of the Dscam GOF retina was confirmed by electron microscopy (Fig. 6H, arrow and inset) . Projection of HC neurites occurred at a similar frequency in the absence of Bax, although these neurites terminated closer to the OPL, rather than projecting through gaps in the outer limiting membrane, which were not observed in the Dscam GOF /Bax Ϫ/Ϫ retina ( Fig. 6I; arrowheads; data not shown). Quantification of these results confirmed that the number of HC projections into the ONL, and the number of synapses within the ONL, were significantly increased in the Dscam GOF allele compared with wild-type (Fig. 6J ) . In older retinas (8ϩ months), in which the transgene is inactivated in many rods, HC neurites targeted rods that continued to express Dscam, including those projecting an axon to the OPL (Fig. 6K ) . These results indicate that ectopic expression of Dscam results in retargeting of retinal neurites.
DSCAM promotes IPL dendrite lamination by restricting dendrite target choice
To identify potential developmental mechanisms by which DSCAM promotes dendrite targeting in ACs, we used GFPtagged type 2 DACs (Knop et al., 2011) because this cell type had uniform and reproducible lamination defects in the Dscam mutant retina. Type 2 DACs normally target dendrites exclusively to S3 of the IPL ( Fig. 7A ; Bruggen et al., 2014) . In the Dscam heterozygous and homozygous mutant retina, these cells target dendrites to both S1 and S3 (Fig. 7 B, C, arrows) . DSCAM protein was produced by type 2 DACs and was localized to the dendrite tips of these cells in vitro, consistent with it functioning to regulate dendrite lamination in this cell population (Fig. 7D) .
We confirmed that the dendrites projecting to S1 are distinct from type 1 DACs by immunoreactivity with TH, which stains type 1, but not type 2, DACs. Type 1 DACs project dendrites to S1 in the wild-type retina (Fig. 7E) , whereas we observed an absence of type 2 DAC dendrites in S1 of the wild-type retina (Fig. 7 F, G) . In the Dscam LOF/ϩ retina, type 2 DACs project dendrites to both S1 and S3 (Fig. 7H, arrow) . Confocal analysis of layer S1 of the Dscam LOF/ϩ retina confirmed that these bright GFP-positive dendrites lack TH (Fig. 7 I, J, arrows) .
Cell density was assayed to determine whether type 2 DACs that projected neurites were simply cells that did not undergo cell death in the Dscam LOF/ϩ retina. Type 2 DAC cell number was not significantly changed when comparing Dscam LOF/ϩ retinas to wild-type retinas (Fig. 7K ) . A significant increase in cell number was observed in the Dscam LOF retina compared with either wildtype or Dscam LOF/ϩ retinas (Fig. 7K ) . Spacing of type 2 DACs was also assayed, to determine whether their cell bodies were abnormally spaced in the absence of Dscam. Spacing of type 2 DACs was dependent on Dscam in a dose-dependent manner, with significantly lower NNRI and DRP packing index values detected as Dscam dosage decreased (Fig. 7 L, M ).
These data demonstrate that type 2 DACs require Dscam for regulation of cell number, spacing, and lamination. Because the layers (S1 and S3) are sufficiently separated and the heterozygous Dscam mutant pups do not have a growth defect, we could for the first time readily examine the influence of Dscam dosage on the development of lamination defects in the mouse retina.
First we assayed development of type 2 DACs in wild-type and Dscam LOF/ϩ retinas. A similar number of wild-type and Dscam LOF/ϩ type 2 DACs projected dendrites into S1 at early time points, indicating that these cells have a normal tendency to ramify dendrites in both S1 and S3 (Fig. 8 A, B, arrows, H, P3) . A significant increase in cells that project dendrites into S1 was observed in the Dscam LOF/ϩ retina compared with wild-type by P5, and these cells accounted for the majority of type 2 DACs by this age (Fig. 8C,D, arrows, H, P5) . By P10 GFP fluorescence in this cell type was sufficiently brighter than GFP produced by other cells in the Dscam GOF retina, allowing us to assay the effect of Dscam overexpression on laminar targeting of type 2 DACs. A significant decrease in the number of type 2 DACs that project dendrites into S1 was observed in the Dscam GOF retina compared with wild-type or the Dscam LOF/ϩ retina, while significantly more neurites targeted S1 in the Dscam LOF/ϩ retina compared with wild-type (Fig. 8E-G, arrows, H, P10) . These results indicate that Dscam promotes refinement of type 2 DACs during development by preventing stabilization of dendrites and that Dscam expression levels positively correlated with the degree of S1 dendrite pruning.
Extensive remodeling of pyramidal cell dendrites is observed in the Dscam-deficient cortex over extended postnatal periods (Maynard and Stein, 2012), and we were curious if a similar remodeling would occur with age in the type 2 DACs. Dendrites that projected into S1 of the Dscam LOF/ϩ retina were stable and observed in the majority of cells after eye opening and visual function and at all subsequent time points assayed (up to 6 months; data not shown; Fig. 8H ). Analysis of whole retinas indicated that by P15, wild-type dendrites localized in S1 invariably dove into S3 after projecting a short distance in S1, whereas Dscam LOF/ϩ dendrites terminated in S1 (data not shown). Many type 2 DACs also projected dendrites into S1 in the Bax Ϫ/Ϫ retina (Fig. 8H ) . A large increase in the number of these cells was observed in the Bax Ϫ/Ϫ retina (P15: Bax Ϫ/Ϫ 488 Ϯ 94 cells/mm 2 vs wild-type sibling controls 181 Ϯ 27 cells/mm 2 ; t test p Ͻ 0.01), consistent with these being cells that failed to undergo developmental cell death.
These data address the question of how the broadly distributed DSCAM protein in the mouse IPL can promote the specificity of dendrite lamination and indicate that DSCAM promotes dendrite targeting in the mouse IPL by selectively inhibiting stability of exploring dendrites.
Function follows form
ERGs were performed to test if the morphological abnormalities observed in the Dscam gain-and loss-of-function retinas influenced the synaptic activity of the retina. Dscam GOF mice displayed significant reductions in the dark-adapted, rod-driven a-wave amplitude; the b-wave amplitudes; and the light-adapted conemediated response at 4 months of age ( Fig. 9A-E) . The normalized b-wave of Dscam GOF mice (0.455) is more severely reduced than the decrease in the amplitude of the a-wave (0.723), demonstrating that the reduction in the b-wave is not secondary to a decreased a-wave. These findings persist at 6 months, with the normalized b-wave amplitude more severely affected than the a-wave amplitude (a-wave, 0.579; b-wave, 0.289; data not shown). At this point we cannot determine whether a decrease in the b-wave is entirely due to a reduction in bipolar cell number, or if synaptic transmission at the rod spherule is also disrupted. Therefore misregulation of Dscam expression alters both the morphology and physiology of the retina.
Discussion
The major findings of this study are as follows: (1) DSCAM is sufficient to drive cell death and can regulate cell death independent of Bax, (2) dendrite avoidance defects in the Dscam loss-offunction retina do not reflect a role for DSCAM in repulsion analogous to Drosophila Dscam1, and (3) DSCAM is necessary and sufficient to target neurites, even in systems in which the protein is widely distributed such as the mouse IPL, and that it does so by restricting the locations in which exploring dendrites are able to stabilize.
Dscam drives cell death in the retina
Gain-and loss-of-function results support a role for Dscam as a critical driver of developmental cell death in the developing mouse retina. Previous analysis of the loss-of-function Dscam brain suggested that this might hold true for other parts of the nervous system; for example, a small increase in the size of the Dscam-null hindbrain has been reported (Amano et al., 2009) . Further analysis of the Dscam mutant brain identified an overall increase in brain/body size ratio in mutant mice, and regions of the brain that were increased or decreased in size were identified, but changes to cell death or birth were not identified in the cortex, which was the focus of the study (Maynard and Stein, 2012) . Changes in brain size could therefore be the result of reduced or increased neurite elaboration and changes to the visual system. Further work assisted by conditional gain-and loss-of-function analysis will help clarify the extent to which Dscam can drive cell death outside of the retina. Identifying the Bax-independent mechanism by which DSCAM drives cell death in the inner retina will also be an important line of future research. The Bax homolog Bak1 is an excellent target for further analysis (Hahn et al., 2003) .
DSCAM and dendrite avoidance
Previous studies have identified roles for vertebrate Dscam in both adhesion and avoidance in the developing vertebrate nervous system. Loss of Dscam or Dscaml1 function results in a soma and dendrite-clustering phenotype that superficially resembles a similar dendrite self-avoidance phenotype observed in Drosophila Dscam1 mutants (Zhu et al., 2006; Matthews et al., 2007) . Dscam1 has been shown to actively drive avoidance through repulsion, which limits dendrites of a given cell from crossing other dendrites originating from the same cell (Hughes et al., 2007) . Several differences between the anatomy of the systems analyzed in mouse and Drosophila suggest that these processes might not be analogous. First, mouse Dscam is not extensively alternatively spliced, and functional alternative splice forms have not been reported (Yamakawa et al., 1998) . Second, analyzed cell types arborizing dendrites in the mouse retina overlap extensively (Keeley and Reese, 2010), and do not approximate the tiling observed, for example, in type IV DA cells in Drosophila (Soba et al., 2007) . Third, many different cell types in the mouse inner retina require Dscam to prevent a cell type-specific avoidance that occurs in its absence, suggesting that this phenotype is the result of other cell type-specific adhesion molecules.
In this study, we tested if Dscam is sufficient to induce avoidance or increase regularity of spacing. We found that its overexpression in cells that express either Dscam or Dscaml1, or its ectopic expression in SACs or HCs, all failed to increase spatial organization as assayed (Fig. 4) . These results suggest that the role of mouse Dscam may be better reflected by some of the other Drosophila Dscams or phenotypes (Millard et al., 2010; Hutchinson et al., 2014) , with the role of Drosophila Dscam1 in mouse likely provided by other molecules, such as the ␥-protocadherins (Lefebvre et al., 2008 (Lefebvre et al., , 2012 .
DSCAM and dendrite targeting
In addition to being required for avoidance, Dscam has also been implicated in providing neurite-targeting cues during lamination of the chick retina (Yamagata and Sanes, 2008) . In previous studies, limited dendrite lamination defects were identified in the mouse retina and we show here that this limited defect is partially explained by Bax-dependent cell death that occurs in the Dscamdeficient retina. Gain-of-function studies did indicate that Dscam expression in the outer retina is sufficient to retarget neurites to both the IPL and ONL. Projection of HC neurites into the ONL is observed in several other models, including the aging retina (Liets et al., 2006; Samuel et al., 2011 Samuel et al., , 2014 , plexin and semaphorindeficient retinas , and retinas in which physiology is disrupted (Claes et al., 2004; Michalakis et al., 2013) . The targeting of individual Dscam-expressing rods by HC neurites in the older Dscam GOF retina suggests that the DSCAM protein is sufficient to attract HC neurites, but we cannot rule out that individual rods have defective synaptic structure and act to recruit input secondary to this.
Dscam and dendrite refinement By analyzing the role of DSCAM in dendrite lamination during development, we identified a novel role for DSCAM in restricting the location that retinal dendrites can stabilize. Mature type 2 DAC cells normally project dendrites to a single layer of the IPL (Bruggen et al., 2014) , but as Dscam dosage decreases they adopted a bistratified morphology. Further analysis found that the dendrites of these cells, like those of other retinal neurons (Huckfeldt et al., 2009; Reese and Keeley, 2014) , initially project dendrites that later retract. A limited and nonsignificant increase in cell number in the Dscam heterozygous mutant retina indicated that deficiency in cell death is not sufficient to explain the presence of bistratified type 2 DACs, which account for the majority of these cells in the Dscam LOF/ϩ retina. Gain-of-function analysis identified a precocious refinement of type 2 DACs, consistent with loss-of-function results.
A simple model for how DSCAM mediates phenotypes in the mouse retina could involve the destabilization of dendrites. DSCAM-mediated signaling has been demonstrated to activate the tyrosine receptor kinases Fyn and Fyk, and induce collapse of growth cones in axon outgrowth assays (Purohit et al., 2012) . A model wherein DSCAM signaling results in destabilization and retraction of weakly adhesive contacts would explain both the gain-and loss-of-function phenotypes described in the mouse retina. In this model, adhesive tendencies between cells of the same type are strengthened and cause ectopic clumping in the Dscam-deficient retina, while weak connections are not eliminated, resulting in a lack of refinement and the observation of non-native dendrite projections. Increasing or decreasing dendrite stability could then influence the likelihood that cells would form connections and survive developmental cell death. While we propose that our results are most consistent with DSCAMweakening adhesion, consistent with the ectopic clumping observed in the Dscam-deficient retina, we cannot rule out the possibility that DSCAM-DSCAM interactions strengthen a subset of interactions, and therefore cause weaker connections to retract. In either case, the end result on a cellular level would be the same, with weaker connections eliminated. The necessity of a system to eliminate misplaced connections is evidenced by studies investigating how retinal circuitry is established, particularly given the broad overlap of adhesive molecules such as cadherins (Duan et al., 2014) and Ig-domain proteins such as contactins (Yamagata and Sanes, 2012) .
Dscam and Down syndrome
An important human health implication of this research is in understanding the role of Dscam in DS, the most common form of genetic mental retardation. DS is caused by overexpression of genes on chromosome 21, including a subset of 33 genes in a minimal critical region that encompasses Dscam, which are sufficient to give rise to a diagnosis of DS (Lejeune et al., 1959; Rahmani et al., 1990) . A hallmark of the developing DS brain is hypocellularity in the cortex, cerebellum, and other regions of the brain, accompanied by changes to dendritic architecture (Reeves et al., 1995; Holtzman et al., 1996; Aylward et al., 1997; Haydar and Reeves, 2012) . We used a gain-of-function model and demonstrated that overexpression of Dscam is sufficient to reduce cellularity through increased cell death, and that Dscam plays a role in dendrite targeting. While people with DS frequently have visual deficiencies (Creavin and Brown, 2009) , this is likely not caused by Dscam-mediated changes to retinal cell number, as overexpression of another minimal critical region gene, Dyrk1a, in DS mouse models inhibits caspase 9 and results in an increase in retinal cell number (Laguna et al., 2013) . Previous studies have identified a role for Dscam in proper dendrite branching in the hippocampus (Alves-Sampaio et al., 2010) and cortex (Maynard and Stein, 2012), with the latter mirroring changes in the DS brain in which cortical neurons initially project more branches than euploid individuals, before adopting an arbor with fewer projections. These studies identify Dscam as an excellent candidate underlying DS pathologies such as hypocellularity observed outside of the retina and dendrite branching defects throughout the brain.
